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Abstract 
The supersonic isentropic inlet is a type of inlet that is easy to be adopted to hypersonic and supersonic flying vehicle 
configuration and suitable to work over a large range of flying states. The inlet has a sound performance in terms of total pressure 
recovery and flow coefficient owing to its compact design to decrease the negative influences of shock waves. However, it still 
remains a tough task to design the inlet for the time being. It is here introduced in the paper the concept of expansion waves to 
simplify the design process of isentropic inlet. It is known to all that the air captured by the inlet will gradually decrease its speed 
due to influence of the countless numbers of compression waves. However, as we observe in the opposite direction, the air will 
accelerate its speed gradually in expansion waves flow field. One thing will remain the same in the preceding two flow situations, 
namely, streamline. Based on the idea, the profile traced in expansion waves flow field can yield the compression surface of 
isentropic inlet. Expansion waves are phenomena that are very common in supersonic flows. Certain types of expansion waves in 
a steady uniform parallel two-dimensional flow, which are called Prandtl-Meyer waves, can be analyzed by simple equations. 
With the joint solution of the MOC equations and Prandtl-Meyer equations, the supersonic expansion waves flow field, serving 
as the base flow field of designed inlet, can be obtained precisely. Next, the introduction of bilinear interpolation method allows 
the calculation of each point on a streamline starting from a given initial point. Finally, a streamline-traced sketch, derived from 
the above base flow field, will be the desired inlet forebody. The following two-dimensional numerical simulation conducted 
accordingly indicates the actual performance well satisfy the designed state. The fact that the designed inlet has a good 
performance in terms of total pressure recovery means that the design method is practical and feasible, and broadens applications 
of design method of such inlets. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
Isentropic inlet enjoys a good reputation because of its relatively high performance and easy to adapt to the design 
of forebody[1]. The relatively uniform distribution of numerous compression waves generated by the isentropic inlet 
makes its total pressure recovery higher than that of other types of inlet. On the other hand, the inlet’s design point 
needs to be carefully selected to harmonize the relationship between compression waves and lip. Different from a 
relatively complicated design method, which is mentioned in Ref.[2], the method presented here is based upon the 
procedure of tracing the streamline of the expansion waves flow and is more practical to realize. It is a well-known 
fact that in isentropic flow situation, the air captured by the inlet gradually decreases its speed due to influence of the 
countless numbers of compression waves. However as we view the matter in the reverse direction, the air will 
gradually accelerate its speed in expansion waves flow field. It is here stated that the streamline remains the same in 
the above two flow situations. Based on the idea, the profile traced in expansion waves flow field can yield the 
compression surface of isentropic inlet. It is introduced in the paper the method of characteristics (MOC) for the 
solution of each interior point and Prandtl-Meyer equations for the solution of the singularity point in the expansion 
waves flow field. Finally, the traced streamline, derived from the above base flow field, will be the desired inlet 
compression surface. The design method can deliver the relationship between the compression curve and inlet height, 
which enables the further optimization of the inlet. 
 
Nomenclature 
M1  freestream mach number of the flying vehicle, denoted in Fig. 1(a). 
M2 Mach number behind the attached straight shock wave, denoted in Fig. 1(a). 
M3 an initial Mach number (i.e., before expansion waves), denoted in Fig. 2. 
M4 a final Mach number (i.e., after expansion waves), denoted in Fig. 2. 
Greek Letters 
G  turning angle, denoted as ğCOE in Fig. 1(a). 
H  wave angle of an oblique shock wave, denoted as ğOAB in Fig. 1(a). 
\  semiangle of a wedge, denoted as ğCAB in Fig. 1(a). 
2. Governing equations 
The MOC governing equations employed in the calculation can be found in Ref. [3]. 
Prandtl-Meyer equation 
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3. Design of inlet compression surface 
3.1. Design methodology 
The freestream conditions and major constraints at the design point are shown in Table 1. 
Table 1 Flow Conditions and design parameters 
Flight altitude 24km Inlet Height 0.413 m 
Mach number Maf  4.1 Leading wedge angle 8° 
Pressure Pf  2971.75 Pa Turning angle of isentropic compression 25° 
Temperature Tf  220.56 K Lip point position (0,0) 
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In the present situation, the flow is a two-dimensional planar flow and the isentropic inlet compression surface 
degenerates to a compression curve. Fig. 1(a) depicts the configuration of this type of inlet and the corresponding 
shock structures at the design point. Considering the structure design, the leading edge of the inlet has a nonzero 
constructional thickness or angle, which is called wedge and denoted as line AC in Fig. 1(a). The subsequent 
isentropic compression profile is connected with the wedge and denoted as curve CE in Fig. 1(a). 
 
     
Fig. 1 (a) Wave structures of inlet, (b) Sketch of shock wave attached to a wedge 
 
Fig. 2 Sketch of 2-D Prandtl-Meyer expansion about a sharp vertex corner 
With the idea mentioned above, the flow field of an actual isentropic inlet will be translated into the combination 
of a simple oblique shock wave flow (shown in Fig. 1(b)) and reverse of a Prandtl-Meyer expansion flow (shown in 
Fig. 2). The mach number builds a bridge to link the two flow situations. That is to say, the mach number behind an 
attached shock wave (i.e., M2, shown in Fig. 1(b)) in shock wave flow field is the same with the mach number of the 
trailing mach line in expansion waves flow field (i.e., M4, shown in Fig. 2). The lip point is chosen to be the sharp 
vertex corner in the expansion waves flow, shown in Fig. 2, so as to make the lip point the focus of numerous 
compression waves. Fig. 3 shows the relationship of all the major design parameters. All the variables in Fig. 3, 
including the input design parameters, which are shown in bold font, are denoted in Fig. 1(a). 
 
 
Fig. 3 Relationship of major design parameters 
Based on the introduction of Fig. 3, the following content will make it clear the design procedure of isentropic 
compression curve. 
1. Obtain H , the oblique shock wave angle from (2). 
 
2
1
2 2
1
1 1 1 tan
tan 2 sin 1
M
M
J H
\ H
·§   ¸¨ © ¹
 (2) 
¦
¸
B
E
DC
O
A
M1
M2
M1
M2
O A
Shock wave
N
O ¥
D
Q
P h
E
M4
M3
M1
ƙ CAB
ğOAB
ƙ CAB
ğOAD
OD
OB
OA
ğOAD
AD
Point O 
position
M2 ğOCD
Point C 
position
ƙ COE
Curve CE
187 Yuanguang Wang et al. /  Procedia Engineering  126 ( 2015 )  184 – 188 
2. Calculate M2, the mach number behind an attached shock wave from (3). 
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3. Calculate ğOAB and OA with equation (4) and (5), which is an acute angle and hypotenuse of the right 
triangle OAB respectively. 
 ğOAD=ğOAB-ğCAB (4) 
 / tan( )OA OB H  (5) 
where OB is the inlet height and given in Table 1. The position of point O can be obtained when two parameters 
of right triangle OAD are determined. 
4. Obtain the mach angle D   at point C, denoted as ğOCD in Fig. 1(a), from (6). 
 1 2sin (1/ )MD
  (6) 
The position of point C can be got when an acute angle and a leg of the right triangle OCD are determined. 
5. Trace the streamline of CE, when the starting point C has been obtained. The traced curve is the isentropic 
inlet compression curve. 
3.2. Design of expansion waves base flow field 
The base flow field is obtained through the solution of MOC equations and Prandtl-Meyer equations. The unit of 
singularity point (denoted as point 1,5,9 in Fig. 4(a)) and interior point (denoted as other points in Fig. 4(a)) is used 
in the calculation procedure. 
 
      
Fig. 4 (a) Relationship between different nodes,  (b) A close-up view of the mesh obtained by MOC method 
Fig. 4(b) depicts the exact sector structure of the mesh of base flow field. The mesh is generated as a mach line 
sweeps over a turning angle about the sharp vertex corner. The starting line is the leading mach line, shown by 
hollow arrow and the finishing line is the trailing mach line, shown by solid arrow.  
3.3. Method of Tracing streamline 
The judgment of a point within the quadrangle or not is achieved through the calculation of orientation-distance.  
     
Fig. 5 (a) Sketch of the orientation-distance of point to side of convex quadrangle,   (b) Illustration of a searched point in a MOC grid cell 
Take point P denoted in Fig. 5(a) as an example, the following result can be got: d1>0ˈd2>0ˈd3<0ˈd4<0. 
Therefore, the point P is located within the grid cell. After traversing all the grid cells, the exact grid cell quadrangle 
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in which the point on the streamline is located can be determined. The next step is to transfer the flow properties at 4 
surrounding nodes to point P. In practice, the calculation of the value is determined by bilinear interpolation from 
equation. As illustrated in Fig. 5(b), 4 nodes (i,j), (i+1,j), (i+1,j+1), (i,j+1) constitute a convex quadrangle that 
surrounds point P. For convenience, the 4 points are denoted as index 1,2,3,4 in sequence. The variable of I  is 
defined by equation (7) to represent major flow properties. 
 I [ K [ K          a a a a  (7) 
where 0İȟİ1 and 0İȘİ1. 
Substituting the coordinates of points 1 to 4 and point P into equations (7) and applying Newton iteration method 
to the preceding set of equations, we obtain the variable of ȟ , Ș and the corresponding flow properties at point P. 
3.4. Design result 
The isentropic inlet compression curve can be obtained after the tracing of streamline, which is shown as black 
curve in Fig. 6(a). It can be seen that the coordinates of the sharp vertex corner is (0,0). 
 
     
Fig. 6 (a) Mach number contour plots and sketch of traced streamline, (b) Mach number distribution for viscid flow analysis 
4. Numerical verification 
In the paper the NUMECA flow analysis software is used to solve the set of 2-D N-S equations. In the 
computations. Turbulence is modeled by the Spalart-Allmaras equations. The verification calculation actually starts 
from the position that is behind the attached oblique shock. The generated grids for the domain consist of 
approximately 99,000 nodes. It is seen in Fig. 6(b) that the coordinates of the point which numerous compression 
waves terminate at is (0,0), which accords well with the design of lip point. A thick black line is drawn from the 
focus point of compression waves and made perpendicular to the trailing vector of compression profile to evaluate 
the total pressure recovery (see Fig. 6(b)). And the value for the viscid case is 0.9418, which echoes well with 
theoretical prediction. Viscid flow analysis shows that the actual focus point moves approximately 1cm outward 
from the designed position, which will lead to the spillage of inlet and have a slight negative influence on the inlet 
massflow coefficient. This situation can be solved by considering the thickness of boundary layer and redesigning 
the position of focus point. 
5. Conclusions 
This paper translates the problem of isentropic inlet compression surface design into the problem of tracing the 
streamline of the expansion waves flow. The isentropic inlet designed in this paper has a good performance in terms 
of total pressure recovery, which proves the correctness of this designed profile and broadens horizon of isentropic 
inlet design method. Viscous flow analysis shows that the actual focus point moves approximately 1cm outward 
from the designed position, which has a slight negative effect on the inlet massflow coefficient. This situation can be 
solved by redesigning the position of focus point. 
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